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VXUIDFH HQKDQFHPHQW WHFKQLTXHV VXFK DV VKRW SHHQLQJ WKH DGYDQWDJHV RI /63 LQFOXGH KLJK PDJQLWXGH RI
FRPSUHVVLYH UHVLGXDO VWUHVV GHHSHU SODVWLF GHIRUPDWLRQ OD\HU LQFUHDVHG FRQWURO LQ DSSOLFDWLRQ DQG UHGXFHG
PLFURVWUXFWXUDOGDPDJH>@
0DQ\ LQYHVWLJDWLRQV KDYH FRQFHQWUDWHG RQ H[SHULPHQWDOO\ GHWHUPLQLQJ PHFKDQLFDO HIIHFWV LQFOXGLQJ UHVLGXDO
VWUHVV ILHOG DQG VXUIDFH PRUSKRORJ\ VLJQLILFDQWO\ HQKDQFLQJ WKH IDWLJXH OLIH DQG FRUURVLRQ UHVLVWDQFH DELOLWLHV RI
PHWDOV>@'XULQJD/63SURFHVVLWLVYHU\GLIILFXOWWRPRQLWRUDQGLQYHVWLJDWHWKHG\QDPLFUHVSRQGLQJSURFHVV
DVZHOODVUHVLGXDOVWUHVVLQWKHWDUJHWE\PHDQVRIH[SHULPHQWDODSSURDFKHV,QDGGLWLRQLWLVQRWHQRXJKXVLQJDQ
DQDO\WLFDOPRGHO WR GHVFULEH WKH FRPSOH[SURFHVV ,Q WKLV FDVH WKH ILQLWH HOHPHQW DQDO\VLV )($PHWKRG FDQ EH
DSSOLHG WRVLPXODWH WKH/63SURFHVVIRU WKHIXUWKHUH[SORUDWLRQDQGGHYHORSPHQWRI WKH/63SURFHVVRIPDWHULDOV
%UDLVWHGDQG%URFNPDQ>@XVHGILQLWHHOHPHQWDQDO\VLVWHFKQLTXHVWRSUHGLFWWKHUHVLGXDOVWUHVVLQGXFHGE\ODVHU
VKRFNSURFHVVLQJ$ULI>@LQYHVWLJDWHGDILQLWHGLIIHUHQFHDOJRULWKPWRVLPXODWHSURSDJDWLRQRIVWUHVVZDYHLQWKH
PDWHULDO'LQJDQG<H>@DSSOLHGILQLWHHOHPHQWDQDO\VLVWRSUHGLFWWKHGHYHORSPHQWPDJQLWXGHDQGGLVWULEXWLRQRI
UHVLGXDO VWUHVV LQGXFHG E\PXOWLSOH/63 LPSDFWV+X HW DO >@ GHYHORSHG D ' VLPXODWLRQ DQGRQO\ VLQJOH DQG
PXOWLSOHODVHUVKRFNVZHUHSHUIRUPHG3H\UHHWDO>@SUHVHQWHGD')($PRGHOWRFDOFXODWHWKHUHVLGXDOVWUHVVHV
LQGXFHGE\ODVHUVKRFNSURFHVVLQJLQVWDLQOHVVVWHHOV:DUUHQHWDO>@LQYHVWLJDWHGWKHHIIHFWVRISDUDOOHOPXOWLSOH
ODVHUPDWHULDOLQWHUDFWLRQRQWKHVWUHVVDQGVWUDLQGLVWULEXWLRQVGXULQJ/63:XHWDO>@GHYHORSHGDSK\VLFVEDVHG
PRGHOIRU/63ZLWKIHPWRVHFRQGODVHUSXOVHVZKLFKVKRZHGWKDWIV/63FRXOGSURGXFHPXFKKLJKHUSUHVVXUHWKDQ
/63ZLWK QDQRVHFRQG ODVHU SXOVHV QV/63 DQG JHQHUDWH D FRPSUHVVLYH OD\HU ZLWK D WKLFNQHVV XS WR a ȝP
$FKLQWKDDQG1RZHOO>@SUHVHQWHGDQHLJHQVWUDLQPRGHORIWKHUHVLGXDOVWUHVVHVJHQHUDWHGE\/63+RZHYHUWKHUH
DUHIHZUHVHDUFKHVIRUSUHGLFWLQJWKHUHVLGXDOVWUHVVILHOGDQGSODVWLFGDPDJHLQGXFHGE\/63LQWKHZHOGHGMRLQW
,Q WKLV SDSHU D ' )($PRGHO LV SUHVHQWHG WR SUHGLFW UHVLGXDO VWUHVVHV DQG SODVWLF GDPDJH LQ ZHOGHG MRLQW
LQGXFHGE\/63,QWKLVLQYHVWLJDWLRQDWKHUPDOHODVWRSODVWLFDQDO\VLVLVSHUIRUPHGWRHYDOXDWHWKHUHVLGXDOVWUHVVHV
IRUWKH*$7:SURFHVV7KHQUHVLGXDOVWUHVVHVUHGLVWULEXWLRQDQGSODVWLFGDPDJHLQGXFHGE\ODVHUVKRFNSURFHVVLQJ
DUHGLVFXVVHG
)LQLWHHOHPHQWPRGHOLQJ
2.1. Thermal and mechanical analysis of welding 
:HOGLQJ VLPXODWLRQ LV FDUULHGRXW LQ D VHTXHQWLDOO\FRXSOHG WKHUPDO VWUHVV DQDO\VLV)LUVW WKH WUDQVLHQW WKHUPDO
DQDO\VLVLVDSSOLHGWRREWDLQWKHWHPSHUDWXUHKLVWRU\7KH)(PRGHOZLWKGLPHQVLRQVRIîîPPLVDSSOLHGLQ
WKHWKHUPDODQDO\VLVVKRZQLQ)LJ,QWKLVUHVHDUFKWKHGRXEOHHOOLSVRLGKHDWVRXUFHGHYHORSHGE\*ROGDNHWDO
>@ LV DGRSWHG7KH HQHUJ\ LQSXW UDWH DQGZHOGLQJ VSHHG DUH GHILQHG DV :DQGPPV UHVSHFWLYHO\7KH
PRYLQJKHDW VRXUFH LVPRGHOHGE\ D XVHU VXEURXWLQH LQ$%$4866HFRQG WKHPHFKDQLFDO DQDO\VLV LV FRQGXFWHG
XVLQJ WKH WHPSHUDWXUHKLVWRU\DVD WKHUPDO ORDG WRGHWHUPLQH WKHZHOGLQJUHVLGXDOVWUHVVDQGGHIRUPDWLRQ7KH)(
PRGHORIPHFKDQLFDODQDO\VLV LV WKH VDPHDV WKDWRI WKHUPDODQDO\VLV H[FHSW IRU WKHERXQGDU\FRQGLWLRQVDQG WKH
HOHPHQWW\SH


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7KHPDWHULDOXVHGLV$,6,VWDLQOHVVVWHHODQGWKHFKHPLFDOFRPSRVLWLRQLVVKRZQLQ7DEOH7KHWHPSHUDWXUH
GHSHQGHQWWKHUPDOSK\VLFDOSURSHUWLHVDQGPHFKDQLFDOSURSHUWLHVDUHDVVXPHGWREHLVRWURSLFDQGKRPRJHQHRXVE\
'HQJDQG0XUDNDZD >@7KH IXVLRQ ODWHQWKHDW LVN-NJZKLFK LV UHOHDVHGRUDEVRUEHGZLWKLQ WKH UDQJHRI
WHPSHUDWXUHEHWZHHQ OLTXLGXVWHPSHUDWXUHDQG VROLGXVWHPSHUDWXć ć UH>@
7DEOH&KHPLFDOFRPSRVLWLRQRI$,6,VWDLQOHVVVWHHOZW
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2.2. LSP simulation procedure 
,Q WKH FRQILQHG DEODWLRQ PRGH WKH ODVHU HQHUJ\ LV GHSRVLWHG WKURXJK WKH WUDQVSDUHQW RYHUOD\ WR WKH LQWHUIDFH
EHWZHHQ WKH WDUJHWDQG WKH WUDQVSDUHQWRYHUOD\$V WKHYROXPHRI WKHSODVPD LVKHDWHGDQGYDSRUL]HGE\ WKH ODVHU
SXOVH WKH YROXPH RI WKH SODVPD LV H[SHFWHG WR H[SDQG DW WKH LQWHUIDFH 7KH H[SDQGLQJ SODVPD SURGXFHV WKH
SURSDJDWLRQRIWKHLQGXFHGVKRFNZDYHVLQWRERWKWKHFRQILQHGRYHUOD\DQGWDUJHW,QWKLVFDVHWKHSHDNSUHVVXUHP
LVJLYHQE\)DEEURHWDO>@
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%HUWKHHW DO >@SHUIRUPHG VLJQLILFDQW H[SHULPHQWDO HIIRUWV WRGHWHUPLQH WKHSUHVVXUHWLPHKLVWRU\DQG VSDWLDO
GLVWULEXWLRQ RI WKH ORDGLQJ =KDQJ DQG <DR >@ GHYHORSHG WKH VSDWLDOO\ QRQXQLIRUP VKRFN SUHVVXUH DV QRUPDO
GLVWULEXWLRQ*HQHUDOO\ WKHSUHVVXUHWLPHKLVWRU\ LVPRGHOHG DV D WULDQJXODU UDPS LQ WKH VLPXODWLRQ LQZKLFK WKH
SUHVVXUHULVHVOLQHDUO\WRWKHSHDNSUHVVXUHRYHUWKHWLPHRIWKHSUHVVXUHSXOVH):+0DQGGHFD\VOLQHDUO\WR]HUR
ZLWKLQ WKH IROORZLQJ):+0> @7KH VSDWLDO GLVWULEXWLRQRI WKH ORDGLQJ LV H[WUHPHO\GLIILFXOW WR LQYHVWLJDWH
H[SHULPHQWDOO\DQGKDVEHHQZLGHO\DVVXPHG WKDW WKHSUHVVXUHGHYHORSVXQLIRUPO\RYHU WKHDUHDFRYHUHGE\ ODVHU
SXOVH,QWKLVSDSHU/63SDUDPHWHUVRIPPGLDPHWHUVSRWVL]HDQGQV):+0KDYHEHHQHPSOR\HG
/63JHQHUDWHV VWUDLQUDWHV H[FHHGLQJ VZLWKLQ WKHZRUNSLHFHPDWHULDO$W VXFKKLJK UDWHVPHWDOV EHKDYH
VLJQLILFDQWO\GLIIHUHQWIURPWKDWXQGHUTXDVLVWDWLFFRQGLWLRQV:LWKWKHLQFUHDVHRIWKHVWUDLQUDWHPHWDOVW\SLFDOO\
SUHVHQWOLWWOHFKDQJHLQHODVWLFPRGXOXVDQGDQLQFUHDVHLQ\LHOGVWUHQJWK$VWKHVWUDLQUDWHLQFUHDVHVWKHUHVSRQVH
EHFRPHV D VKRFN ZDYH SKHQRPHQRQ 7KH HODVWLF OLPLW VWUHVV LQ WKH GLUHFWLRQ RI WKH VKRFN ZDYH SURSDJDWLRQ LV
GHILQHGDVWKH+XJRQLRW(ODVWLF/LPLW+(/>@:KHQWKHSHDNSUHVVXUHLVJUHDWHUWKDQWKH+(/WKHSODVWLFVWUDLQ
RFFXUV,ILWLVDVVXPHGWKDWWKH\LHOGLQJRFFXUVZKHQWKHVWUHVVLQWKHGLUHFWLRQRIWKHZDYHSURSDJDWLRQUHDFKHVWKH
+(/ WKHQ WKH G\QDPLF \LHOG VWUHQJWK XQGHU XQLD[LDO VWUHVV FRQGLWLRQV FDQ EH GHILQHG LQ WHUPV RI WKH +(/ E\
%UDLVWHGDQG%URFNPDQ>@
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ZKHUHQ LVWKH3RLVVRQ¶VUDWLR,WLVDVVXPHGWKDWWKHZRUNSLHFHPDWHULDOLVKRPRJHQHRXVDQGLVRWURSLFDQGDOVRLV
SHUIHFWO\HODVWLFSODVWLFZLWKWKHG\QDPLF\LHOGVWUHQJWKGHILQHGLQ(T7KH+(/YDOXHIRU$,6,VWDLQOHVV
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VWHHOLVa*3DIRUDKLJKVWUDLQUDWHH[FHHGLQJV>@$FFRUGLQJWR+(/WKHG\QDPLF\LHOGVWUHQJWKLV
FDOFXODWHGEDVHGRQ(T
2.3. Plastic damage model 
7KHSODVWLFGDPDJHRIPDWHULDOV LV DWWULEXWHG WR WKHQXFOHDWLRQ JURZWKDQG DJJUHJDWLRQRIPLFURYRLG LQ ORFDO
VWUHVVVWUDLQILHOG,WLVYHU\GLIILFXOWWRREVHUYHWKHGXFWLOHGDPDJHSURFHVVH[SHULPHQWDOO\GXHWRWKHH[WUHPHO\VKRUW
WLPH VSDQ IURP JURZWK RI YRLG WR WKH ILQDO IDLOXUH RIPDWHULDOV *XUVRQ7YHUJDDUG1HHGOHPDQ *71PRGHO RI
GXFWLOHGDPDJH FRXOG VLPXODWHQXFOHDWLRQJURZWK DQG DJJUHJDWLRQRIPLFURYRLG HIILFLHQWO\ >@GXFWLOHGDPDJH
FRQVWLWXWLYHHTXDWLRQVDUHJLYHQLQWKHIROORZLQJ
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ZKHUH 1f LVWKHXOWLPDWHYDOXHRIPDWHULDOYRLGQXFOHDWLRQ 1H LVWKHPDWKHPDWLFH[SHFWDWLRQ 1S LVWKHYDULDQFH
SO
0H DQG
SO
0H DUHHTXLYDOHQWSODVWLFVWUDLQRIPDWHULDODQGLWVFKDQJHUDWHUHVSHFWLYHO\
$FFRUGLQJ WR 7YHUJDDUG DQG 1HHGOHPDQ >@ FRQVWLWXWLYH SDUDPHWHUV q q DQG q DUH   DQG 
UHVSHFWLYHO\
5HVXOWVDQGGLVFXVVLRQ
3.1. Residual stress distribution 
7KHEHQFKPDUN VLPXODWLRQZDVFRXSOHGZLWKH[SHULPHQWVE\/LQJHW DO >@)LJ VKRZV WKHGLVWULEXWLRQRI
ORQJLWXGLQDO UHVLGXDO VWUHVVHV IRU ERWK WKH EHQFKPDUN VLPXODWLRQ DQG H[SHULPHQWDO GDWD$FFRUGLQJ WR )LJ  WKH
SUHGLFWHG ORQJLWXGLQDO UHVLGXDO VWUHVV YDULHV IURP WHQVLOH UHVLGXDO VWUHVV ILHOG DW WKH FHQWHU RI WKHZHOGHG SODWH WR
FRPSUHVVLYHUHVLGXDOVWUHVVILHOGDORQJWUDQVYHUVHGLUHFWLRQZKLFKKDVDVLPLODUGLVWULEXWLRQZLWKWKHH[SHULPHQWDO
GDWD HYLGHQFHGE\'HVKSDQGH HW DO >@ SURYLQJ WKDW WKHZHOGLQJPRGHO LQFOXGLQJPRYLQJKHDW VRXUFH WKHUPDO
SK\VLFDOSURSHUWLHVDQGILQLWHHOHPHQWDQDO\VLVPRGHOLVDSSURSULDWHDQGFDQEHXVHGIXUWKHUWRSUHGLFWUHVLGXDOVWUHVV
UHGLVWULEXWLRQDQGSODVWLFGDPDJHLQGXFHGE\ODVHUVKRFNSURFHVVLQJ

)LJ&RPSDULVRQRIWKHSUHGLFWHGUHVLGXDOVWUHVVZLWKH[SHULPHQWDOUHVXOWV
7KHZHOGLQJ UHVLGXDO VWUHVV GLVWULEXWLRQ EHIRUH DQG DIWHU ODVHU VKRFN SURFHVVLQJ LV VKRZQ LQ )LJ  ,W FDQ EH
FRQFOXGHG WKDW WKH ZHOGLQJ UHVLGXDO VWUHVV GLVWULEXWLRQV EHIRUH DQG DIWHU ODVHU VKRFN SURFHVVLQJ DUH V\PPHWULF
UHODWLYHWRWKHZHOGFHQWHUOLQHDQGWKHZHOGLQJUHVLGXDOVWUHVVDWWKHZHOGVHDPYDULHVIURPWHQVLOHVWUHVVEHIRUH/63
WRFRPSUHVVLYHVWUHVVDIWHUSURFHVVHGE\/63ZKLFKLPSOLHVWKHZHOGLQJWHQVLOHUHVLGXDOVWUHVVFDQEHPRGLILHGDQG
FKDQJHGLQWRFRPSUHVVLYHUHVLGXDOVWUHVV>@&RPSUHVVLYHUHVLGXDOVWUHVVPDJQLWXGHRIEDVHPHWDODWWKHLUUDGLDWLRQ
DUHDLQGXFHGE\/63LVPXFKODUJHUWKDQWKDWRIZHOGPHWDOZKLFKLVGXHWRWKHZHDNQHVVRILQLWLDOZHOGLQJWHQVLOH
UHVLGXDOVWUHVVILHOG
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
)LJ&RPSDULVRQRIZHOGLQJUHVLGXDOVWUHVVGLVWULEXWLRQEHIRUHDQGDIWHU/63
3.2. Plastic damage 

)LJ6XUIDFH99)GLVWULEXWLRQ
,QRUGHU WR LQYHVWLJDWH WKHHIIHFWVRISRZHUGHQVLW\RQGXFWLOHGDPDJHLQGXFHGE\/63LQDZHOGHGMRLQW WKUHH
OHYHOVRI*:FP*:FPDQG*:FPDUHDGRSWHG7KHUHVXOWVDUHVKRZQLQ)LJ,WFDQEHVHHQWKDW
YRLGYROXPHIUDFWLRQ99)LVOLPLWHGZLWKLQUDGLXVRIODVHUVSRWDQGDSSUR[LPDWHO\FRQVWDQWLQWKHLPSDFW]RQH$
SRLQWVKRXOGEHQRWHG WKDW WKHPDJQLWXGHRIVXUIDFHYRLGYROXPHIUDFWLRQ99) LQFUHDVHVZLWK LQFUHDVLQJSRZHU
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GHQVLW\:KHQSRZHUGHQVLW\FKDQJHVIURP*:FP WR*:FP WKHPDJQLWXGHRIVXUIDFH99)YDULHVIURP
îWRî
&RQFOXVLRQV
,Q WKLV SDSHU D ' )($PRGHO LV SUHVHQWHG WR SUHGLFW UHVLGXDO VWUHVVHV DQG SODVWLF GDPDJH LQ ZHOGHG MRLQW
LQGXFHG E\ /63 %HQFKPDUN VLPXODWLRQ IRU WKH ZHOGLQJ SURFHVV LV SHUIRUPHG DQG YHULILHG ZLWK DYDLODEOH
H[SHULPHQWDOUHVXOWV:LWKWKHDLGRIWKHPRGHOUHVLGXDOVWUHVVHVUHGLVWULEXWLRQDQGSODVWLFGDPDJHLQGXFHGE\ODVHU
VKRFNSURFHVVLQJLQWKHZHOGHGMRLQWDUHGLVFXVVHG5HVXOWVVKRZWKDWSUHGLFWHGUHVLGXDOVWUHVVHVDJUHHZHOOZLWKWKH
H[SHULPHQWDOGDWD,WLVLQWHUHVWLQJWKDWZHOGLQJWHQVLOHUHVLGXDOVWUHVVFDQEHPRGLILHGDQGFKDQJHGLQWRFRPSUHVVLYH
UHVLGXDO VWUHVVDIWHU ODVHU VKRFNSURFHVVLQJ6LPXODWLRQV UHYHDO WKDWYRLGYROXPH IUDFWLRQ 99) LV DSSUR[LPDWHO\
FRQVWDQWDQGGHFD\LQJVKDUSO\DW WKHHGJHRI WKHLPSDFW]RQHLQUDGLDOGLUHFWLRQ$SRLQWVKRXOGEHQRWHGWKDW WKH
PDJQLWXGHRIVXUIDFHYRLGYROXPHIUDFWLRQ99)LQFUHDVHVZLWKLQFUHDVLQJSRZHUGHQVLW\
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